Control of food intake by the brain requires the complex integration of homeostatic and hedonic information, and its disruption can result in obesity ([@B1]). Energy demands conveyed through peripherally synthesized neuroendocrine hormones, especially insulin, leptin, and acyl ghrelin (AG), drive homeostatic signals in the hypothalamus. Impaired insulin and leptin sensitivity contribute to the maintenance of the obese state ([@B2]). The mesolimbic dopamine (DA) pathway, which is central to motivation and reward, is also essential to the hedonic control of food intake. It is hypothesized that diminished dopaminergic neurotransmission in obesity may promote excessive food intake as a means to compensate for reduced sensitivity to reward ([@B1]). Imaging studies reveal that DA release in the dorsal striatum is associated with pleasure from food intake ([@B3]) and that obese individuals have reduced neural activation in the dorsal striatum when they consume highly palatable food compared with lean subjects ([@B4]). In extremely obese individuals (BMI \>40 kg/m^2^), DA type 2 receptor (D2R) availability in the dorsal and ventral striatum was reduced compared with lean control subjects and was similar to findings in human drug abusers ([@B5]).

The homeostatic and nonhomeostatic pathways involved in food intake interact with one another. Hypothalamic and dopaminergic nuclei are neuroanatomically interconnected ([@B6]), and DA neurons in the ventral tegmental area (VTA) \[project to ventral striatum (rodent equivalent is the nucleus accumbens\]) and substantia nigra (project to dorsal striatum) express receptors for insulin, leptin ([@B2]), and AG ([@B7]). Insulin and leptin, which are low before meals and then increase with food intake, serve as the dominant anorexic signals in the hypothalamus. They also diminish the sensitivity of DA pathways to food reward ([@B2]), which may reflect the ability of insulin ([@B8]) and leptin ([@B9]) to enhance removal of DA from the synaptic cleft by the DA transporter. These actions lead to reduced DA signaling. In contrast, AG stimulates VTA DA neurons and causes DA release in the nucleus accumbens ([@B6]). AG is the primary orexigenic signal and increases before meals ([@B10]). It is essential for reward from not only high-fat diet ([@B11]) but also drugs of abuse ([@B12]). Here we hypothesized that the changes in insulin sensitivity and in levels of insulin, leptin, and AG that occur in obesity contribute to dysfunction of human brain DA pathways.

For this purpose, we studied the relationship between neuroendocrine hormones (fasting insulin, leptin, and AG levels), peripheral insulin sensitivity, and BMI with dopaminergic tone in 8 lean and 14 obese female participants. Dopaminergic tone was measured using positron emission tomography (PET) with \[^18^F\]fallypride, which is a high-affinity D2R radioligand with good sensitivity to quantify striatal and extrastriatal regions (i.e., hypothalamus) ([@B13]) that also is sensitive to competition with endogenous DA for D2R binding ([@B14]); therefore, the term *receptor availability* is used to infer that measurement of radioligand binding potential (BP~ND~) reflects this competition.

RESEARCH DESIGN AND METHODS {#s2}
===========================

Protocol approval was obtained from the Vanderbilt University Institutional Review Board, and all participants gave written informed consent. The study included 14 females (12 right-handed, 2 left-handed) with obesity (BMI \>30 kg/m^2^) and 8 healthy, right-handed, lean females (BMI \<25 kg/m^2^). Screening evaluation included electrocardiogram, laboratory testing, urine drug screen, and a comprehensive interview and exam, including weight history to exclude those with signs or symptoms for secondary causes of obesity (e.g., rapid or recent onset of obesity and striae). At screening and before the PET scans, females capable of childbearing underwent serum pregnancy testing. Exclusion criteria included use of diabetic agents (e.g., metformin and thiazolidinones); significant diseases, such as neurologic, renal, liver, cardiac, or pulmonary; pregnancy or breast feeding; history of prior or current tobacco abuse; substance abuse; heavy alcohol use; current high caffeine intake (\>16 oz coffee daily or equivalent); use of central acting medications (e.g., antidepressants, antipsychotics, and anorexic agents) in the past 6 months; subjects actively trying to lose or gain weight or who had ≥10% change of weight in the past 12 months or who were currently exercising greater than moderate levels (e.g., \>30 min, five times per week of walking or equivalent); psychiatric disorders; and significant depressive symptoms either during interview or with scores ≥20 on the Beck Depression Inventory-II (BDI-II) ([@B15]).

General study protocol {#s3}
----------------------

Participants underwent baseline structural magnetic resonance imaging (MRI) to coregister with the PET images. Two days prior and on the day of the PET study, participants were asked to refrain from exercising and drinking alcohol and to restrict coffee to ≤8 oz daily. On the day of the PET scan, subjects ate breakfast and then a small meal just before 1000 h and water only thereafter. Approximately 30 to 60 min before the start of the PET scan, a blood sample was collected for fasting hormone levels. PET scans were started at approximately 1830 h and finished 3.5 h later. After scanning, participants were fed a weight maintenance dinner before 2300 h and then asked to go to sleep.

Oral glucose tolerance test {#s4}
---------------------------

Starting at approximately 0730 h (time 0), subjects ingested a 75-g glucose load, with blood sampling obtained via an arterialized hand vein at times 0, 10, 20, 30, 60, 90, 120, 150, 180, 240, and 300 min. The insulin sensitivity index for glucose disposal (S~I~) was estimated from plasma glucose and insulin obtained during the modified oral glucose tolerance test (OGTT) using the oral glucose minimal model ([@B16]).

Neuroimaging {#s5}
------------

MRI structural scans of the brain were obtained for coregistration purposes. Thin-section T1-weighted images were done on either a 1.5T (General Electric; 1.2- to 1.4-mm slice thickness, in plane voxel size of 1 × 1 mm) or a 3T MRI scanner (Philips Intera Achieva; 1-mm slice thickness in plane voxel size of 1 × 1 mm). PET scans with the D~2~/D~3~ receptor radioligand \[^18^F\]fallypride were performed on a General Electric Discovery STE scanner with a three-dimensional emission acquisition and a transmission attenuation correction, which has a reconstructed resolution of 2.34 mm in plane, ∼5 mm axially, and provides 47 planes over a 30-cm axial field of view. Serial PET scans were obtained during a 3.5-h period. The first scan sequence (70 min) was initiated with a bolus injection during a 15-s period to deliver 5.0 mCi \[^18^F\]fallypride (specific activity \>2,000 Ci/mmol). The second and third scan sequences started at 85 and 150 min, lasting 50 and 60 min, respectively, with 15-min breaks between scan sequences.

Imaging analysis {#s6}
----------------

PET imaging analyses were completed as previously described by our group ([@B17]). Two approaches were taken to identify areas of the brain that had significant associations with DA D2R BP~ND~ and the selected metabolic measures: *1*) region of interest (ROI) analysis and *2*) parametric image analysis. Numerous ROI in the brain were selected a priori for having a high density of DA D2R and relevance to reward and/or eating behaviors. For the analyses of ROI, we performed univariate analyses for each individual metabolic measure and used multivariable regression analyses to determine relationships independent of BMI. Parametric image analysis was used to determine significant associations on a voxel basis throughout the brain with each individual metabolic measure. This allows determining relationships in areas not selected a priori.

The serial PET scans were coregistered to each other and to the thin-section T1-weighted MRI scans and were coregistered using a mutual information rigid body algorithm. Images were reoriented to the anterior commissure-posterior commissure line. The reference region method was used to calculate regional DA D2R BP~ND~ ([@B18]) with the cerebellum as the reference region. ROI included right and left caudate, putamen, ventral striatum, amygdala, substantia nigra, temporal lobes, and medial thalami, which were delineated on the MRI scans of the brain and transferred to the coregistered PET scans. We also delineated the hypothalamus as previously detailed ([@B13]). For regions that were delineated bilaterally, the BP~ND~ from right- and left-sided regions were averaged for analysis because our group has shown both in obese ([@B13]) and nonobese subjects limited laterality effects ([@B17]).

Parametric images of DA D2R were coregistered across all subjects with an elastic deformation algorithm ([@B19]). Correlations of covariates (BMI, insulin sensitivity, and insulin, leptin, and AG levels) with parametric DA D2R images in all subjects were calculated on a voxel-by-voxel basis (4 × 4 × 4 mm voxels) with Pearson product moment correlation, and significance was evaluated with two-tailed *t* tests. Corrections for multiple comparisons as proposed by Forman et al. ([@B20]) were used to assess the significance of clusters of significant correlations. Clusters were delineated with a cutoff of *P* \< 0.01 for each voxel and *P* *\<*0.01 for each cluster with a minimal cluster size of 21. Clusters with \<21 voxels had a significance level cut off of *P* \< 0.05 unless small volume correction was completed allowing for significance level of *P* \< 0.01 ([@B17]). Across large clusters, the mean correlation coefficient was reported.

Assays {#s7}
------

Samples were collected for plasma glucose, insulin, leptin, and AG. A 10-mL sample was collected into tubes containing 10 µL/mL of Ser protease inhibitor Pefabloc SC (4-amidinophenylmethanesulfonyl fluoride; Roche Applied Science, Indianapolis, IN). Plasma for AG was acidified with 1 N hydrochloric acid (50 µL/mL plasma). Plasma insulin concentration was determined by radioimmunoassay with an intra-assay coefficient of variation of 3% (Linco Research, Inc., St. Charles, MO). Leptin and AG concentrations were also determined by radioimmunoassay (Linco Research, Inc.). Insulin, leptin, and AG were run in duplicate. Plasma glucose was measured in triplicate via the glucose oxidase method using a Beckman glucose analyzer.

Statistical methods {#s8}
-------------------

Student *t* tests were used to compare descriptive and metabolic measures between the lean and obese groups. Summary data are represented as the mean and SD and as frequencies. To explore the relationships of individual metabolic measures with DA D2R BP~ND~, Pearson product moment correlation coefficients were used to calculate parametric DA D2R images on a voxel-by-voxel basis and also with a priori selected ROIs. Multivariable regression was used to define the relationship between D2R BP~ND~ with OGTT S~I~ and fasting hormone levels after controlling for BMI. Because prior literature reports significant relationships between BMI and DA D2R BP~ND~ ([@B5],[@B21]), we aimed to determine if any significant relationship between fasting neuroendocrine hormones or insulin sensitivity occurred independent of BMI. For descriptive statistics and between-group comparisons, statistical significance was evaluated using nondirectional tests at the 0.05 α-level. For the ROI analyses of eight regions, we set a threshold of ≤0.006 for statistical significance to account for family-wise error and decrease the likelihood of making a type I error (false positives). Analyses were performed using SPSS version 18.0 (IBM Corporation, Somers, NY).

RESULTS {#s9}
=======

Demographic and metabolic measures {#s10}
----------------------------------

The study included 22 females (6 black, 16 white), 8 in the lean group (BMI = 23 ± 2 kg/m^2^) and 14 in the obese group (BMI = 40 ± 5 kg/m^2^), who were comparable in age (*P* = 0.904) and scores on the BDI-II (*P* = 0.430) ([Table 1](#T1){ref-type="table"}). Fasting hormonal values were available for all subjects, while insulin sensitivity from OGTT was available for all lean and 12 of the obese subjects. One obese subject had diet-controlled type 2 diabetes. The obese subjects were less insulin sensitive than the lean subjects as measured by OGTT S~I~ (*P* \< 0.001) and, concordantly, the obese subjects had higher plasma insulin concentrations (*P* = 0.004). While average fasting glucose levels were higher in the obese group, they did not differ significantly from those in the lean group (*P* = 0.064). The obese participants also had higher leptin levels (*P* \< 0.001) and lower AG concentrations (*P* = 0.001) compared with the lean participants.

###### 

Demographic and metabolic characteristics by weight category

![](1105tbl1)

Parametric imaging analyses {#s11}
---------------------------

Correlations between D2R BP~ND~ and the individual metabolic measures (BMI, insulin sensitivity, and fasting insulin, leptin, and AG levels) were determined using parametric image analyses ([Table 2](#T2){ref-type="table"}). The largest clusters of significant correlations with DA D2R BP~ND~ were with AG levels. AG had negative relationships with bilateral clusters ([Fig. 1*A*--*C*](#F1){ref-type="fig"}) that included the ventral striatum and extended into the ventral caudate and putamen. Also, AG levels were negatively associated with large bilateral clusters, each \>400 voxels, in the inferior temporal lobes extending into the temporal poles and portions of the insular cortex bilaterally and the right amygdala.

###### 

Parametric analyses for each metabolic covariate
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![DA D2R BP~ND~ and fasting AG levels. MRI images showing significant clusters from parametric image analyses of DA D2R BP~ND~ that had negative correlations with fasting AG levels. Bilateral clusters occurred involving the ventral striatum and dorsal striatum; in addition, large clusters identify correlations with AG involving portions of the bilateral insular cortex, the right amygdala, and the inferior temporal lobes (*A*). A coronal image taken more posterior reveals the extensive involvement of the lateral inferior temporal lobes (*B*). Sagittal view shows the well-delineated involvement of the temporal poles and inferior temporal cortex (*C*). (A high-quality digital representation of this figure is available in the online issue.)](1105fig1){#F1}

The correlations with BMI and DA D2R BP~ND~ were much more restricted than those observed with AG. There was a positive association with a small cluster that involved the bilateral ventral caudate (20 and 26 voxels, left and right, respectively) ([Supplementary Fig. 1*A*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)) and a small area in the left temporal lobe (33 voxels) along the collateral sulcus ([Supplementary Fig. 1*B*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)). Insulin sensitivity ([Supplementary Fig. 2*A* and *B*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)) had a negative correlation with a cluster in the left head of the caudate. Fasting insulin levels had no relationship in the striatum but were positively associated with a cluster centered where the dorsal medial thalamus is located ([Supplementary Fig. 3*A*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)) and a smaller cluster in the right insular cortex ([Supplementary Fig. 3*B*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)). The levels of leptin were positively correlated with DA D2R BP~ND~ in the hypothalamus ([Supplementary Fig. 4*A* and *B*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)), bilateral areas in the collateral sulci ([Supplementary Fig. 4*C*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)), and the left ventral striatum and caudate ([Supplementary Fig. 4*D*](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)).

ROI analysis for the associations between metabolic measures and regional DA D2R BP~ND~ {#s12}
---------------------------------------------------------------------------------------

Associations of regional DA D2R BP~ND~ corroborated many of the findings from the parametric imaging analyses as detailed in [Supplementary Table 1](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1). The most extensive findings were again with AG levels. AG levels had significant negative associations with D2R BP~ND~ in the caudate (*r* = −0.665, *P* = 0.001), putamen (*r* = −0.624, *P* = 0.002), ventral striatum (*r* = −0.842, *P* \< 0.001), amygdala (*r* = −0.569, *P* = 0.006), and temporal lobes (*r* = −0.578, *P* = 0.005). Regional analyses also supported positive associations with both BMI (*r* = 0.603, *P* = 0.003) and leptin levels (*r* = 0.629, *P* = 0.002) in the caudate. The positive association with BMI reveals that obesity was associated with increased DA D2R BP~ND~ in the caudate (represented as dot plot in [Supplementary Fig. 5](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)). Insulin sensitivity had a negative relationship with D2R BP~ND~ in the ventral striatum (*r* = −0.613, *P* = 0.004). Insulin levels had no significant relationship with any regional D2R BP~ND~.

Multivariable regressions with regional DA D2R BP~ND~ {#s13}
-----------------------------------------------------

After adjustment for BMI, only AG levels maintained any significant associations with regional receptor availability ([Table 3](#T3){ref-type="table"}), while regressions with insulin sensitivity and insulin and leptin levels were all nonsignificant ([Supplementary Table 2](http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc11-2250/-/DC1)). After adjusting for BMI, AG levels maintained a significant negative correlation with DA D2R BP~ND~ in the ventral striatum only (*P* \< 0.001).

###### 

Multivariable regressions for regional D2R BP~ND~ with fasting AG levels adjusted for BMI
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CONCLUSIONS {#s14}
===========

Our findings reveal strong associations between DA D2R availability and metabolic measures, including neuroendocrine hormones, insulin sensitivity, and BMI, that were corroborated by both parametric imaging analyses and ROI analysis ([@B17]). The significant findings with ROI analysis were not as extensive as those observed with parametric imaging analyses; however, this was not unexpected because we adjusted for family-wise error in our interpretation of *P*-value thresholds for the ROI analyses. While correlations were obtained with BMI and all of the metabolic parameters, the strongest and most extensive correlations were with AG levels.

In the ventral striatum, insulin sensitivity was negatively associated with D2R availability, while fasting insulin concentrations were not. These findings are consistent with a prior report that insulin-evoked neuronal activity in the DA-rich ventral striatum is reduced in those with insulin resistance ([@B22]). The negative effect of insulin on reward has been known for some time ([@B2]), while more recent studies demonstrate that insulin's second messenger signaling modulates the cell surface expression of the DA transporter ([@B23]). On the converse, enhancing DA signaling improves insulin sensitivity in obese rodents ([@B24]). Furthermore, in clinical trials, a quick-release formulation of a bromocriptine, a DA D2R agonist, improved insulin sensitivity and glycemic control in type 2 diabetes ([@B25]). Our data support that a relationship between insulin sensitivity and central DA signaling is relevant in humans; further studies are necessary to define this relationship.

Both fasting leptin and AG concentrations predicted D2R availability in the dorsal striatum, but in opposite directions. This is consistent with the opposite effects of leptin and AG on DA signaling. Specifically, leptin diminishes VTA DA neuron firing and nucleus accumbens DA release ([@B26]), whereas AG increases VTA DA neuron firing and nucleus accumbens DA release ([@B27]). As the measure of DA D2R availability used in this study, \[^18^F\]fallypride BP~ND~ is sensitive to extracellular DA levels; increases or decreases in extracellular DA levels will produce apparent decreases or increases in BP~ND~, respectively ([@B14]). Since the direction of the associations between leptin and AG with D2R BP~ND~ are consistent with the effect of these hormones on DA levels, we hypothesize that the associations are driven by differences in the extracellular DA levels rather than by differences in the expression of D2R levels. This would explain the increased D2R availability with increasing BMI as seen in this study. In prior preclinical studies, we showed that adult obese rats, compared with lean counterparts, had higher striatal D2R availability as assessed with PET and \[^11^C\]raclopride (radioligand sensitive to competition with endogenous DA) and reduced D2R levels as assessed with autoradiography and \[^3^H\]spiperone (method insensitive to competition with endogenous DA) ([@B28]). This was interpreted to indicate that obese rats showed decreased DA release and, thus, reduced competition for \[^11^C\]raclopride to bind to D2R, resulting in increased striatal binding of the radioligand. This is consistent with our current findings. Further human studies are necessary to corroborate reduced DA levels in obesity.

The positive association that we observed between BMI and D2R availability involving the striatum is opposite to prior reported findings ([@B5],[@B21]). We suspect this is related to the conditions of imaging, particularly the time of day. Our participants were imaged at night after an 8 h fast, while others completed imaging primarily in the morning either with a relatively short fast (minimum 2 h) ([@B5]) or after an overnight fast ([@B21]). The time of day is considered relevant because DA D2R--mediated neurotransmission and DA clearance vary diurnally, as do reward-related behaviors ([@B29]). Neuroendocrine regulators of DA neurotransmission, including insulin, leptin, and AG, also follow circadian patterns, and their circadian secretion is altered in obesity ([@B30]). In addition, supporting the relevance of the circadian rhythm of DA signaling, the effectiveness of quick-release bromocriptine for treatment of type 2 diabetes is considered to be conditional on its morning administration causing a "resetting" of central rhythms. When taken in the morning, blood glucose levels are decreased throughout the entire day despite rapid clearance of the drug. However, the developers of this agent do conclude that "additional studies are needed" to understand the mechanism in humans ([@B25]). Ultimately, we hypothesize that the late-day imaging contributed to our results' reflecting relative differences in DA levels between obese and lean subjects. These findings may be specific to the fasted state. The interpretation that our data reflects differences in extracellular DA levels is supported by the direction of the associations of leptin and AG levels with D2R availability. Low DA levels are reported in animal models of obesity ([@B28],[@B31]) and in human drug addiction ([@B32]), another state of impaired hedonic processes. Therefore, our interpretation of diminished DA levels with obesity is consistent with current hypotheses that obesity is a state of reduced DA signaling in reward and motivation circuits ([@B1]).

Only AG concentrations had any significant relationship with DA D2R availability independent of BMI, which occurred in the ventral striatum. AG levels increase before meals and are an important factor in meal initiation by enhancing the motivation to seek out food ([@B10]). Prior human neuroimaging supports that the ventral striatum is particularly important for food anticipation and less so for actual food intake ([@B33]). Our participants were fasted for 8 h before imaging and were aware that they would eat at the conclusion of the scanning procedure. AG levels are reduced in obesity, and some have hypothesized that low AG signaling in obesity is an appropriate downregulation to reduce appetite ([@B34]). However, evidence supports AG has other roles besides driving appetite because it is essential for the rewarding value of high-fat foods ([@B11]) and also for drugs of abuse ([@B12]). Our interpretation that lower AG levels occur with lower endogenous DA levels is consistent with a role of AG in reward. We hypothesize that at least in the fasted state, AG has an important role in dopaminergic tone and, thus, reward, which may predispose to an altered sensitivity to food rewards.

The parametric image analyses revealed AG's association with the temporal lobes to be more specific to the inferior temporal lobes and temporal poles. These are evolutionarily advanced regions of the neocortex that participate in various cognitive functions, including memory sensory integration, that have been previously implicated in obesity ([@B35]) and drug abuse ([@B36]). The inferior temporal cortex is involved with visual perception ([@B37]) but also participates in satiation ([@B38]). The temporal poles are involved in conveying emotional saliency of various stimuli ([@B39]). Considering these functions, this region is likely to be relevant when confronting an environment of excessive food cues and highly palatable food. However, after adjusting for BMI, the association in the temporal lobes between AG levels and D2R availability was no longer significant. Further studies are necessary to substantiate this perspective.

Limitations of our study include the relatively small sample size. We studied only females, while other reports included both males and females ([@B5],[@B21]). Also, we did not make any differentiation based on eating behaviors, which have been reported as relevant to DA signaling ([@B40]). As discussed above, we hypothesize that our findings of increased D2R availability reflect relative decreases in extracellular DA levels in obese females in the fasted late-day state. Studies measuring synaptic DA levels are necessary to corroborate our findings, as are studies involving both early and late-day measurements of DA signaling.

Here we report relationships between DA D2R--mediated signaling in the striatum and BMI, insulin sensitivity, and fasting leptin and AG levels. We interpret the positive correlation with BMI to reflect that in the fasted state, obese females may have reduced dopaminergic tone and this may be specific to late day. The strongest relationship occurred between AG levels and DA D2R availability in the ventral striatum, which suggests that in the fasted state, AG levels are especially important to DA signaling. These findings support the increasing recognition of AG's role in reward and motivation. Obesity is resistant to most currently available therapies despite individuals having a high desire to change their condition. A better understanding of the interactions between neuroendocrine hormones that regulate food intake and brain DA neurotransmission will facilitate development of improved therapeutic approaches for obesity.

Clinical trial reg. no. NCT00802204, [clinicaltrials.gov](clinicaltrials.gov).
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